The new laboratory measurements of R. Schermaul et al. (J. Mol. Spectrosc. 208), for the near-infrared and visible spectrum of water vapor, covering the 2ν + δ, 3ν, 3ν + δ, and 4ν polyads, are combined with accurate calculations of weaker lines to provide a new, comprehensive linelist of water transitions for the spectral region 8600-15 000 cm −1 . The resulting ESA-WVR linelist reproduces the raw laboratory observations to a high level of agreement at all but the longest wavelengths. This linelist has been made available in a standard format for general use. C 2001 Academic Press
INTRODUCTION
Reliable models of radiative transfer through water vapor are crucial for many applications, particularly models of the Earth's atmosphere. For this reason reliable spectroscopic data on water is considered vital for any database compilation. Standard databases such as HITRAN (1) and GEISA (2) rely heavily on long pathlength Fourier transform spectra recorded in the 1980s (3) (4) (5) (6) . A recent combined experimental and theoretical analysis of the near-infrared and visible spectrum of water showed that for the important 2ν + δ, 3ν, 3ν + δ, and 4ν polyads, covering the spectral region 8600-15 000 cm −1 , the line intensities obtained in earlier work and used in essentially all database compilations systematically underestimate the overall absorption of the polyads (7). This conclusion is unaltered by the recent corrections (8) to the water data used in HITRAN. Although Belmiloud et al. (7) gave overall scale factors for each polyad analyzed, they recognized that the proper solution required a remeasurement of the intensity of each line.
In the previous paper (9) , henceforth known as I, we performed a systematic and thorough remeasurement of the airbroadened water spectrum in the range 8600-15 000 cm −1 , resulting in line parameters for some 4200 transitions. These lines 1 Deceased. 2 Permanent address: Institute of Applied Physics, Russian Academy of Science, Uljanov Street 46, Nizhnii Novgorod, Russia 603024. make an excellent starting point for a new database on water transitions in this region; however, Learner et al. (10) showed that lines weaker than those readily measured in the laboratory can make a significant difference to the Earth's energy budget. A linelist of sufficient completeness cannot, therefore, be compiled from experimental data alone, and a dual approach, in which the strong line data are derived from experiment and the weak lines from theory is essential. For this reason we augment the list of stronger measured lines with theoretical estimates of the line parameters for the weaker lines. The result is a comprehensive database of over 36 000 water transitions which can be validated against the raw laboratory spectra. As will be shown, this validation process supports our strong line-weak line approach to the problem.
LINE PARAMETERS FROM THEORETICALLY DERIVED DATA
From a theoretical point of view the determination of line parameters for water divides into two parts: parameters which are an intrinsic property of the molecule, i.e., line positions and transition intensities, and those which depend on the molecular environment, i.e., line profiles and pressure shifts. While the theory for calculating the molecular properties has made great progress, the theory of pressure effects is much less secure. The present study therefore made use of computed line positions and intensities for weak transitions, parameters for strong transitions being determined from the experimental measurements of I. Empirical procedures were used to characterize the line profiles of all transitions. This approximation is unlikely to limit practical applications as only the weak lines are treated in this fashion and line profiles are only of critical importance when a transition approaches saturation.
There are three considerations which determine the accuracy of the theoretical linelists used in the present study: the accuracy of the potential energy surface used (including any allowance made for the failure of the Born-Oppenheimer approximation), the accuracy of the dipole surface used, and the accuracy to which the nuclear motion calculations can be solved. In the present study, the error introduced by the nuclear motion procedures is insignificant and will not be considered further.
At present it is not possible to calculate a spectroscopically accurate Born-Oppenheimer potential energy surface for water from first principles quantum mechanics. For the spectral region of interest here, the best available potential energy surface is due to Partridge and Schwenke (PS) (11) , who used known spectroscopic data to improve their high-accuracy ab initio surface.
It is possible to fit a dipole surface to experimental data (12); however, systematic tests of this procedure (13) strongly suggest that dipole surfaces constructed in this fashion are less reliable than those computed ab initio. This behavior is at least in part associated with the relatively large errors in experimentally determined intensities. The systematic errors discovered in the HITRAN intensities and described in I make the use of this data to construct dipole surfaces even more dubious. Therefore this work used PS's linelist (14) , which employed their ab initio dipole surfaces. Concerns over the analytical representation of this surface (15) , which we were only aware of after completing this work, will be discussed below.
A theoretically calculated linelists such as PS's yields following information: This set of parameters is sufficient to calculate the intensity of a given transition as a function of temperature. The quantum numbers J , p and g are the only rigorous quantum numbers associated with a particular energy level. In practice PS's linelist labels each energy level with an approximate set of vibrational quantum numbers (v 1 , v 2 , v 3 ) and rotational quantum numbers (J, K a , K c ). However, these full assignments have to be treated with caution as they are sometimes incorrect.
The PS linelist was used to give line parameters for the weak transitions not measurable experimentally in I. In practice there are a very large number of possible transitions and only those transitions with an intensity greater than 1 × 10 −28 cm molecule −1 at 296 K were retained in the final list. This intensity cut-off is three orders of magnitude weaker than the weakest line measured in I and therefore resulted in a large number of extra lines.
Before discussing the details of our strong line-weak line strategy it is interesting to analyze the accuracy of the strong line intensities predicted by PS. Figure 1 compares intensities obtained at 296 K for the 2ν + δ, 3ν + δ, and 4ν polyads; a similar comparison for the 3ν polyad has been given elsewhere (7) . For the 2ν + δ polyad, for which the PS linelist is the most reliable, PS's predictions strongly suggest that HITRAN systematically underestimates the water transition intensities. In this the PS results are in close agreement with the measurements of I. For the higher polyads the predictions of PS agree less well with the measurements of I but still, on average support the view that HI-TRAN underestimates the water transition intensities. However, for these higher polyads, the PS linelist displays clear systematic errors which correlate with the vibrational state being excited. This effect has recently been analysed by PS (15) who found that it was caused by the analytic fit of the ab initio dipole points. It should be noted that in this work the data for these (strong) transitions is taken from our measurements and not PS.
Assignment of both rigorous and approximate quantum numbers to the experimental lines measured in I is not straightforward (16) but is a necessary step in compiling the database so that, for example, temperatures other than those used in I can be modeled. Assignments were made using a combination of the PS empirically corrected linelist and the ab initio ZVPT linelist (17) using procedures developed for analyzing long-pathlength spectra (16) (17) (18) .
In the absence of a reliable theory for predicting parameters which depend on pressure effects, these parameters were determined empirically using data from I. As shown in I, the measured air broadening parameters, γ L (air), agree well with previous experimental values as tabulated in HITRAN. Figure 2 shows how these air broadening parameters behave as a function of the rotational and vibrational excitation. Although there is considerable scatter in the results, on average the parameters are found to be independent of the vibrational state excited and to depend approximately linearly on the rotational excitation of the lower state, J .
Air broadening parameters for the experimental lines were set at the measured values reported in I. To obtain broadening parameters for the theoretical lines it was necessary to make a number of assumptions. It was assumed that γ L (air) values are independent of the vibrational states involved in the transitions, are dependent on the lower rotational state via a formula derived from fits to the experimental data, and have a fixed temperature dependence. Furthermore, pressure shifts were assumed to be zero; in any case the measurements reported in I show these to be small, between 0.01 and 0.04 cm −1 atm −1 . These assumptions are necessary to be able to compile the linelist but it should be emphasized that they are only applied to weak lines, for which pressure broadening effects are much less important. We used the following formula for the air broadening coefficient as a function of rotational state,
where J is given by the minimum of J and 12, and the temperature dependence was fixed at the HITRAN value of n = 0.68. The parameters a and b were taken as 0.0916 cm
and 0.00043 cm −1 atm −1 , respectively, by fitting to the J dependence of the lines in Fig. 2 . The air broadening data in I were derived assuming the self-to air-broadening ratio γ L (H 2 O)/γ L (air) = 5.14, and this ratio was used to generate γ L (H 2 O) for both strong and weak lines.
CONSTRUCTION OF THE DATABASE
The ESA-WVR linelist was formed by merging theoretical lines with the lines measured in I. In most cases, lines for which measured data were available were removed from the theoretical linelist. In practice, for reasons given below, some of the weaker measured lines were removed instead. The final linelist is available in HITRAN 1996 format from http://www.badc.rl.ac.uk/data/esa-wv. For lines which already appear in the 1996 version of HITRAN, line positions were shifted to the HITRAN values as the HITRAN line positions were measured to higher accuracy than those reported in I and, more importantly, have the pressure shifts eliminated.
The spectrum of water has a pronounced band structure based on the underlying polyad structure of the energy levels. The   FIG. 3 . Comparison of room-temperature (T = 296 K) and low-temperature (T = 252 K) intensity measurements for the 3ν polyad as a function of line intensity, S mn . present study covered four polyads and it was convenient to process the data for each polyad in turn. The summary in Table 1 shows that the 3ν polyad contains approximately the same number of transitions as the others combined. This polyad thus proved the most demanding.
When the experimental and theoretical linelists were combined a number of points had to be considered.
Not all the lines measured in I were assigned. Assignments are essential to determine the correct temperature dependence of the line parameters. We assigned most of the previously unassigned measured lines. In making these assignments we concentrated on getting the correct lower state energy and rotational quantum numbers as these parameters are crucial for determining absorption cross-sections as function of temperature. A full systematic assignment analysis of the new data based on long path-length spectra of pure water vapor recorded in the near infrared and visible, has been performed independently. This dataset has many more weak, unassigned lines and our new assignments will be reported as part of this work (19) . Weak measured lines that could not be assigned were removed from the linelist and replaced by their theoretical counterparts.
Some of the lines measured in I proved to be unresolved blends of two or three lines. In many cases this problem was identified during the measurement procedure and appropriate numbers of line parameters characterized. However, it was (20) and are currently being analyzed for the 12 400-to 15 000-cm For the stronger lines present in both the 296 K and 252 K spectra, the measured line intensities showed systematic differences of up to 5%. This shift was found to be independent of wavenumber, with the higher temperature measurements   FIG. 4 . Observed water-air spectrum in the 2ν + δ region with a 512-m pathlength and T = 296 K, solid line. Simulated spectra using ESA-WVR linelist, long-dashed line, and HITRAN, short-dashed line.
FIG. 5.
Observed water-air spectrum in the 2ν + δ region with a 512-m pathlength, solid line. Simulated spectra using ESA-WVR linelist, long-dashed line, and HITRAN, short-dashed line. Upper: T = 252 K; lower: T = 296 K.
systematically giving slightly weaker transitions (see Fig. 3 for an example). This problem is almost certainly a result of difficulties associated with determining the water partial pressure in the water-air mixture, as discussed in I. In considering temperature effects, the high-accuracy partition function of Vidler and Tennyson (21) was used. In practice, for the temperatures considered here, this gave good agreement with other reported values (1, 11) .
In combining line values of parameters recorded at different temperatures, weighted averages were used. The combined intensity parameter was determined shifting the individual line intensities measured at 252 K, S(252), to 296 K using the Boltzmann factors and then weighting the average using percentage errors. This had the effect of giving values intermediate between those from the two measurements. In practice, the averaged intensity parameters are closer to those measured at 296 K as these were determined with a smaller percentage error. Table 1 summarizes the linelist by polyad and includes data for the interpolyad regions, for which there are still weak transitions. Using the ESA-WVR linelist it is possible to estimate integrated band intensity at 296 K for the vibrational states which contribute significantly to each of the polyads. Results of this analysis are given in Table 2 , which gives results for both the measurements of I and the total contribution. The percentage given by theory to the latter is also tabulated. The results in Table 2 only cover lines which lie in the frequency range 8600-15 000 cm this should not be an important approximation for nearly all the bands considered.
VALIDATION
The linelists were validated by showing that they could be used to regenerate the experimental data as a function of temperature and path-length. For this purpose the RFM software package (22) was used to generate synthetic spectra.
Two methods were used to assess the data. Detailed observed and calculated spectra were plotted over the entire frequency range considered. Samples comparisons are given in Figs. 4-9. For comparison the figures also give spectra generated using HITRAN 96 data (1) . For this we have used the uncorrected data; for reasons discussed elsewhere (7), use of the recent corrections due to Givers et al. (8) does not significantly alter the conclusions made below.
It can be seen from the figures that the agreement between observed and synthesized spectra is generally good and that the ESA-WVR linelist gives significantly better results than HI-TRAN. In some regions, see Fig. 8 for example, the effect of shifting our measured frequencies to HITRAN values can be clearly seen. The only region where systematic differences between our measurements and the synthetic spectra generated using ESA-WVR were identified was 8700-8750 cm −1 ; see Fig. 5 . Here it appears that there were problems in correctly determining the spectral baseline during the experimental measurements. This is probably due to the large number of strong or saturated lines in this region and the detector cut-off.
The second, more quantitative, method of assessing the data was to compare the integrated absorption intensities of the measured and synthetic spectra region by region as a function of path-length and temperature. For this purpose integration was performed over the approximate center of each polyad although regions in which other species might corrupt the measured spectra, in particular 14 000-14 500 cm −1 , were excluded. Results are given in Table 3 , from which it can be seen that measured and synthetic spectra are in close agreement. The only region where the disagreement is greater than 5% is the 4ν polyad at 252 K. This is the weakest spectrum analyzed and, as can be seen from Fig. 9 , the signal-to-noise of the measurements in this region is lower, even at T = 296 K. At 252 K much of the spectrum is dominated by noise; integrating over this noise is the main cause of this error.
FIG. 8.
Observed water-air spectrum in the 4ν region with a 512-m pathlength and T = 296 K, solid line. Simulated spectra using ESA-WVR linelist, long-dashed line, and HITRAN, short-dashed line.
FIG. 9.
Observed water-air spectrum in a weak part of the 4ν region with a 512-m pathlength and T = 296 K, solid line. Simulated spectra using ESA-WVR linelist, long-dashed line, and HITRAN, short-dashed line.
A basic assumption of our method, which is only partially tested by our validation procedure, is that the theoretical representation of the intensities of the weak lines is as accurate as the theoretical representation of the strong lines. The recent results of Schwenke and Partridge (15) concerning the water dipole surface call this assumption into question. Even though the theoretical lines account for less than 3% of the integrated intensity at 296 K (see Table 2 ), this is still an important issue and one we plan continued work on.
In conclusion, we have combined the long-pathlength experimental measurements reported in I with a high-quality calculated linelist to provide a comprehensive under database covering near-infrared and visible wavelengths. This database, which we call ESA-WVR, is freely available. As discussed previously (7, 10) , use of this database in place of the data in HITRAN 96 (1) or the recently corrected version of this database (8) , gives a significant increase in the amount of absorption due to water vapor at these wavelengths. This increase arises from two causes: the increased intensities of the strong lines, found in the new experiments reported in I, and the extra absorption due to the inclusion of the many additional weak lines. Model atmo- Comparison of Observed and Linelist-Generated Spectra spheric calculations now under way (23) lend strong support to this conclusion.
